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Objective measurements of blood flow changes follow-
ing UV irradiation in the skin of human volunteers have 
been made with the noninvasive technique of laser Dop-
pler velocimetry (LDV). This optical procedure allowed 
perfusion (number of red cells x velocity) alterations in 
the cutaneous microcirculation to be monitored after 
exposure of the skin to UV A and UVB + UVC radiation. 
Response curves were obtained in 6 subjects following 
irradiation at 4 times the minimal UVB + UVC erythema 
dose (MED). Measurements were made on control (un-
treated) skin and on skin pretreated with a sunscreen 
lotion. It was found that: (1) the lotion vehicle had no 
protective effect, (2) the active sunscreen constituent (2-
ethylhexylcinnamate, 5%) was significantly protective, 
and (3) the presence of bergapten (5-methyoxypsoralen, 
30 ppm) did not enhance or diminish the cinnamate 
protective effect. LDV measurements in 5 subjects were 
also taken during and subsequent to 5 daily exposures 
to 1 MED of UVB + UVC radiation . Control and pre-
treated skin sites were again studied and similar protec-
tive effects were observed. However, on subsequent 
reexposure of these sites to 4 MED of UVB + UVC, 14 
days after the first of the 5 single MED doses, no signif-
icant change in skin blood perfusion was detected at 
either control or pretreated sites. In a separate series of 
experiments, LDV data were collected after UV A radia-
tion exposures up to 15 J/cm2 • No changes in microcir-
culation perfusion were detected in any of the situations 
considered. All LDV measurements were made with 2 
instruments of slightly different design and were com-
pared to subjective assessments of erythema performed 
by a single observer. The results suggest that LDV has 
significant potential as a means to quantify (1) UV ex-
posures in excess of the MED and (2) the inhibition of 
UV-induced changes in microcirculatory flow by chem-
ical protectants. 
Ultraviolet (UV) radiation (290- 400 nm) from the sun is 
recognized as a primary cause of skin cancer in humans [1,2] . 
The wavelength range designated UVB (290-320 nm) is re-
sponsible for the obvious visual indications of recent exposure, 
namely the appearance of redness or erythema and subsequent 
tanning. Doses of UVB on the order of 30 mJ/cm2 elicit these 
reactions [3]. On the other hand, the region of the spectrum 
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called UV A (320-400 nm) requires doses 300-1000 times greater 
than that of UVB to provoke erythema in humans [4]. 
The initial superficial effects of UV radiation, however, are 
the prelude to more deleterious histochemical and biologic 
modifications which take place on repeated and excessive ex-
posure. Recognition of this hazard has led to the development 
of numerous sunscreen formulations [5] containing one or more 
UVB radiation filters (e.g., p-aminobenzoates, benzophenones, 
cinnamates) [6,7]. No specific UVA filter is yet incorporated in 
any of these productst but there have been attempts to exploit 
the use of agents which, under the stimulus of UV A irradiation, 
enhance the appearance of tanning (itself a protective device) . 
Examples, among others, include extracts from bergamot oil 
[5-methoxypsoralen (5-MOP) and 8-MOP]. The rationale for 
the incorporation of these materials is discussed by Sigafoes 
[8) who reported that 60 ppm of 5-MOP or bergapten in a 
sunscreen lotion significantly potentiates tanning without a 
phototoxic reaction. Agreement in this area of study, though, 
is not general and others, e.g., [9,10], have severely questioned 
the usefulness (and hazard) of psoralen use in sunscreens. 
Such problems are further complicated by the manner in 
which sunscreen formulation efficacies are evaluated. Typi-
cally, visual observations are used to determine the ratio of the 
minimal dose of radiation required to elicit erythema in pro-
tected skin to that necessary to cause redness in unprotected 
skin [7] . Sophisticated experimental designs are possible in 
that the protective barrier constituents can be varied as can 
the UV irradiation doses (amount and wavelength) . ln addition 
to the assessment of minimal erythema doses, the development 
of the intensity of redness can be visually graded on a prede-
termined or preset scale. Although a well-educated and expe-
rienced observer will consistently grade degrees of erythema, 
inter-grader evaluations may be subject to large variations. It 
seems sensible, therefore, to seek methods that can objectively 
assess t he cutaneous reaction to UV radiation and its inhibition 
by sunscreens and their individual and supposedly active con-
stituents. 
In this paper, the application of laser Doppler velocimetry 
(LDV) [11- 14] to the quantitative measurement of UV -induced 
changes in microcirculatory flow is described. LDV is a non-
invasive optical technique which is sensitive to alterations in 
cutaneous blood flow [11- 13,15-19]. The use of procedures, 
which can monitor vascular changes in human skin after UV 
irradiation, has been reported. Ramsay and Cripps [20] and 
Ramsay and Challoner [21], for example, employed photopulse 
plethysmography (another optical method) and thermal meas-
urements to follow UV -induced dilatation in an objective fash -
ion. The aim of this work was to probe a topic of continuing 
debate in the recent literature [22 and references therein], 
namely the mechanism of UV erythema. Furthermore, in an 
early report describing the LDV principle and operation, Stern 
eta! [11] measured cutaneous perfusion at skin sites subjected 
t Although it should be noted that benzophenones do have absorp· 
tion spectra extending into the UV A region and do show demonst rable 
protective effects to UV A radiation. 
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to UV -induced erythema (24 h prior to measurement) and at 
control nonirradiated positions. They found that LDV -assessed 
perfusion was 2.7 (± 0.7, n = 10) times higher at the irradiated 
sites and that a reasonably linear correlatio? exi~ted between 
the LDV determinations and the corresponding 133Xe washout 
flow measurements which were performed concurrently. Else-
where [23 and references therein], the use of reflectance spec-
trophotometry has been discussed and de~onstrate? as another 
objective means to assess e;ythema and ptgmentatwn. . 
Here a detailed attempt IS made to ut1lize LDV for followmg 
the tim~-course of UV -induced reaction in human skin. Single-
nd multiple-dose radiation studies have been performed w1th ~oth UV A and UVB + UVC sources, and t_he ~rotect~ve effect 
of a sunscreen lotion and its putative acttve mgredtents has 
been assessed. It is believed that the results demonstrate. (a) 
the objective value of using L?V ~o rel_iably and reproducibly 
quantify UV-induced changes m m1croc1rculatory_ fl_ow, ~nd (b) 
the potential utility of the p,ro~edu~e for deter~mmg (t) s_un-
screen efficacy in actual-use s1tuatwns, and _(u) the posstble 
(therapeutic or cosmetic) value of certain lotwn constituents 
(e.g., psoralens). 
MATERIALS AND METHODS 
Laser Doppler Velocimetry 
LDV has been described in detail [11-14] and is r~cognized as a 
novel noninvasive approach to observe changes m mJcrocJrcul~tory 
flow (i.e., it yields an output that is a function of the_ number mult1phed 
by the velocity of moving_ scatterers _[12-14]). In th1s s~udy, cutane~us 
perfusion was assessed w1th 2 LDV mstrume~ts: a capillary perfusiOn 
monitor (CPM) (Medpacific LD 5000, Medpac1fic CorporatiOn, Seattle, 
Washington) and a laser Doppler flowmeter (LDF) (Periflux Pfd, 
Perimed KB, Stockholm, Sweden). The principle gove~ning _the oper-
ation of these apparatuses is identical. The major des1gn differences 
are (a) within the electronic circuitry and (b) that the LDF uses two 
(rather than the CPM's one) receiving optical fibe~s to ta~e advantage 
of a differential analysis procedure, thereby perm1ttmg an Improvement 
in the signal-to-noise ratio [13]. 
Materials 
The subject population for this study was a grou~ of normal , healthy 
female Caucasian volunteers (20-50 years old) havmg_ skm type II [7]. 
Six subjects were used in the single-exposure expenme~ts, 5 1n the 
multiple-irradiation studies. The volunteers were 1rrad1ated on the 
upper back. Twenty 1.5-cm2 sites were exposed to either UVA only or 
combined UVA, UVB, and UVC radiation in the manner _descnbed 
below. The subjects selected had no known allergy to sunhght, were 
taking no prescription medication, and exhibited clinically normal skm 
on the upper back. . . 
The subjects were exposed either to UV A radiatiOn alone or to 
combined UV A, UVB, and UVC. The UV A radiation source was a 
Hanovia HOUVA lamp (National Biological Corporation~ Cleveland, 
Ohio) with a wavelength range of320-400 nm at 11 mW /em . Combmed 
UV A, UVB, and UVC was the sum of radiation from the HOUVA la~p 
a nd from a Hanovia Aero Krohmayer sunlamp (Engelhard Hanov1a 
Inc., Newark, New Jersey), the spectral characteristics of which have 
been published [24]. 
The various irradiations to the skin were made at control (untreated) 
positions and at sites pretreated with a sunscreen ~ormulati~n (Berga-
sol Laboratoires Goupil S.A., Cachon, France) , w1th and w1thout the su~posedly active constituents [5% 2-ethylhexylcinnamate and 30 ppm 
bergapten (5-MOP) ]. Five categories of treatment were stud1ed and are 
identified in Table I. 
TABLE I. Categories of treatment administered to skin prior to UV 
irradiation 
Treatment 
(A) 
(B) 
(C) 
(D) 
(E) 
Description 
Control (no treatment) 
Sunscreen lotion vehicle (no active components) 
Sunscreen lotion with cinnamate (no bergapten) 
Sunscreen lotion with bergapten (no cinnamate) 
Sunscreen lotion with cinnamate and bergapten (i.e., 
complete formulation). 
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FIG 1. Delineation of upper back skin areas: identification, pretreat-
ment, irradiation source, and LDV measurement device. 
In each of treatments (B) through (E) , 45 min prior to irradiation, 3 
1'1 of the appropriate lotion were administered to the 1.5-cm2 sites to 
be exposed. The lotion was applied with a micropipette and gently 
massaged into the skin area with an inert swab. 
Determination of Minimal Erythema Dose (MED) 
The MED to UVB + UVC was determined for each subject as 
follows. Separate areas (1 em diamet"!r) of upper back skin were 
irradiated with increasing doses from the UVB + UVC source (6-,12-, 
18-,24-,30-, and 36-s exposures corresponding respectively to 15, 30, 45, 
60, 75, and 90 mJ/ cm2). Twenty-four hours later, the irradiated regions 
were evaluated and the lowest exposure which just produced visual 
erythema was taken as the MED. 
MEDs to UVA radiation were not determined. It was decided to 
employ a dose of either 15 J / cm2 (for the single-dose experiments and 
for reexposure at the end of the multidose study) or 10 J / cm2 (for the 
repeated dosing at the start of the multidose protocol). These exposure 
levels are approximately one-half of the typical MED of UV A for 
untreated skin and 5- 7 times the MED of UVA for skin pretreated 
with 8-MOP [3]. 
Single-Exposure Experiments 
Twenty 1.5-cm2 areas of skin on the upper back were delineated with 
opaque masking tape in a grid of 5 rows and 4 columns, 2 on either 
side of the midline (see Fig 1). Each row of exposed sites was treated 
with 1 of the 5 categories (A}- (E) (see Materials above) . Forty-five 
minutes after treatment, the positions were irradiated with either 15 
J/cm2 of UVA (columns 1 and 3, see Fig 1) or with this dose of UVA 
plus 4 MED of UVB + UVC (columns 2 and 4, see Fig 1). Quantitative 
assessments of microcirculatory flow were recorded by LDV at the 
following times postirradiation: 4 h, 24 h, 2 days, 4 days, and 7 days. 
Cutaneous perfusion measurements were taken with the CPM at the 
sites in columns 1 and 2 and with the LDF at the positions in columns 
3 and 4. The results were expressed as the difference between the flow 
signal at time t postirradiation and that recorded at the same site prior 
to the experiment (i.e., the basal perfusion baseline). Subjective assess-
ments of erythema were also made visually by a single observer. 
Response was graded as 0 (no erythema) , 1 (mild erythema), 2 (mod-
erate erythema), and 3 (severe erythema). Six subjects were evaluated 
in this part of the study. 
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TABLE II. Prot-ocol for multiple-exposure experiments 
Day(s) Procedures 
i) Baseline LDV measurement 
ii) Treatment application 45 min before irradiation 
iii) Irradiation: UVA alone (10 J/cm2) 
UVA, UVB, UVC (10 Jjcm 2 + 1 MED) 
2, 3, 4, 5 i) LDV measurement 
ii) Treatment application 45 min before irradiation 
iii) Irradiation: UVA alone (10 J/cm2) 
UVA, UVB, UVC (10 J/cm2 + 1 MED) 
8, 10, 12 i) LDV measurement 
15 i) LDV measurement 
16, 17,19 
ii) Treatment application 45 min before irradiation 
iii) Irradiation: UVA alone (15 J /cm2) 
UVA, UVB, UVC (15 J/cm2 + 4 MED) 
i) LDV measurement 
Mult-iple- Exposure Experiments 
The repeated dose studies were performed using the same basis for 
delineation , treatment, irradiation, and measurement as summarized 
in Fig 1. The protocol for treatment, exposure, and LDV assessment 
was as shown in Table II. LDV data were again expressed as the 
differences between measurements at time t and baseline values. Sub-
jective readings of erythema were made visually according to the scale 
given above and tanning was similarly assessed using the grading 
scheme: 0 (no tanning), 1 (s light tanning), 2 (medium tanning), 3 (deep 
tanning). Five subjects were evaluated in this section of the investiga-
tion. 
RESULTS 
The resu lts from the single-dose experiments following ex-
posure to combined UV A, UVB, and UVC are collected in Fig 
2. As expected, irradiation with UVA alone elicited no increase 
in LDV -assessed perfusion above baseline and did not cause 
perceptible erythema in any of the subjects or treatments 
studied. Fig 2 also shows (for combined UVA, UVB, UVC 
irradiation) the subjective assessments of erythema made vis-
ually for eac h of the treatments. 
The multiple-exposure data following combined UV A, UVB, 
and UVC irradiat ion are given in Fig 3. Again UV A exposure 
a lone caused no perfusion changes detectable by LDV. Visual 
assessments of erythema and tanning following the combined 
exposu res are also shown in Fig 3. 
Finally, in Fig 4, for all assessments of perfusion post-UVB 
+ UVC irradiation (single and multiple-exposures, treatments 
(A)- (E)), the CPM determination has been plotted against the 
LDF value. Simple linear regression on the data indicates good 
correlation (r2 = 0.88) between the techniques. 
DISCUSSION 
Our results suggest that LDV has the capability to objectively 
and quantitatively assess and monitor UV-induced changes in 
microcirculatory flow. Both velocimetric methodologies (CPM 
and LDF) clearly delineate the time course of the vascular 
changes, which take place in human skin after irradiation with 
the combined UV A, UVB, and UVC sources employed. 
The curves in Fig 2 for the single-dose studies imply that 
LDV has potential to measure sunscreen protective effect di-
rectly and objectively. Of further interest is the ability to 
identify, for example, whether the vehicle alone has a protective 
effect or whether the putative active ingredients of the formu-
lation are indeed efficacious. Thus, the data in Fig 2 show that 
for the formulation studied and for a single UV exposure: (1) 
Application of the lotion vehicle a lone has neither inhibiting 
nor potentiating effect on the subsequently induced UV ery-
thema. (2) 2-Ethylhexylcinnamate is the only active constitu-
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FIG 2. Results from the single exposure experiments (irraruation 
dose= 15 Jjcm2 UVA + 4 MED UVB + UVC). Mean LDV-assessed 
cutaneous perfusion changes (6 V) and subjective erythema grarungs 
(± SD) for 6 subjects are shown as a function of time for the 5 
pretreatment categories (A) through (E) (see Table 1). Key:--, CPM-
assessed perfusion; ...... , LDF-assessed perfusion; ----, visual ery-
thema grading. LDV blood flow values (in m V) are given on the left-
hand ordinate, erythema ratings on the right-hand side. 
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FIG 3. Results from the multiple-exposure experiments (see Table 
11 for protocols) . Mean LDV assessed cutaneous perfusion changes 
(6 V) and subjective erythema and tanning grarungs (± SD) for 5 
subjects are shown as a function of time for the 5 treatment categories 
(A)-(E) (see Table I). Key: --, CPM-assessed perfusion; ...... , LDF-
assessed perfusion; --- - , visual erythema grading; - .-.-., visual tan-
ning grading. LDV blood flow values (in m V) are given on the left-
hand orrunate, erythema and tanning ratings on the right-hand side. 
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FIG 4. Graph of CPM determination us LDF value for all LDV 
assess ments of cuta neous perfusion post-UVA + UVR combined (UVA, 
UVB a nd UVC) irradiation [single ( ·) and mul tiple (X) exposures, 
treat:n.ents (A)- (E) ]. Linear regression on the data gives: (CPM per· 
fusion) = 0.62 (LDF perfusion) - 0.01 with r2 = 0.88. 
ent in t he formu lation. (3) Bergapten (5-MOP) does not appear 
to perform any function in t he sunscreen . T hese conclusiOns 
may be inferred from both CPM and LDF data. Analyses of 
varia nce and mul t iple comparison t-tests:j: confirm t he obser-
vatio n s · treatment categories (A), (B), and (D) yield resul ts not signific~n tly different, and (C) and (E) a r_e al~o indis~inguish ­
able statistica lly. However, there IS a Sigmficant d1ffe re ~ce 
betwee n (A) , (B), (D) a nd (C) , (E) (i.e., without and ~1th 
cinnamate) at t he p < 0.05 level or better throughout the t ime-
course of t he experiment. 
T h e repeated exposure data (Fig 3) support the basic conclu-
sions above. They also enable t he effective ness of mult1ple 
sunsc r een applications to be cons idered in a manner more 
related to rea l-use situations. Some interesting further ob ser-
vatio n s a re indicated. Firstly, 5 daily doses of combined UVA, 
UVB a nd UVC (10 J /cm2 + 1 MED) elicit a significant ly 
small'er perfusion change t han a single la rger exposure (15 J / 
cm 2 + 4 MED). In addition, when skin has been exposed to 5 
small daily doses and tanning has developed, reexposure to t he 
larger irradiation (10 days later) produces no sign ificant 111 -
crease in cutaneous perfusion for any of t he t reatment cate-
go ries, including the control. T his confin~s the well -known 
fact, t h erefore, t hat tanmng Itself IS protective§ and a lso s?ows 
that, as well as t he non-appearance of erythema, t here IS no 
change in skin blood f1ow in t his situation . Also. of 111t~ rest IS 
t he fact that when t he skin is exposed on a da1ly basiS to 1 
MED of UVB + UVC radiat ion, t he change in cutaneous 
perfusio n passes through a maximum on day 3. The observatiOn 
implies initial cumulative damage fo llowed by the onset of 
photoprotective changes in the skin with continued : epeated 
exposure. Such a conclusion has been reached JI1 earlier work 
which considered daily irradiations to suberythema t hreshold 
doses [25]. The rationa le fo r t he inclusion of bergapten in a 
sunscr een (i.e., to enhance t he tanning process) is q~estwned 
by t he resul ts of the first part of this study. No sign~ficant 
photoeffect of t he 5-MOP (at 30 ppm) is indicated 111 t he 
cutaneous perfusion changes to combined UV A, UVB, and UVC 
irradiation . However, in the multidose resul ts after exposure to 
UVA r adiat ion a lone, treatment (E), which included bergapten, 
did promote more ta nn ing than (C) , the sunscreen vehicle w1 t h 
:j: Detailed statistical results are avai lable on request. 
§ Equa lly important, of course, are other well -documented UVB + 
UVC-induced changes, e.g. , stratum corneum thickening and epidermal 
cinnamate a lone [average tanning score after t reatment (C) 
from days 3- 17 = 0.7 ± 0.1; co rresponcling average after t reat-
ment (E) = 1.4 ± 0.3]. This observation is consistent with 
previously published reports [8,26,27]. 
Figs 2 and 3 show that the two laser Doppler techniques a re 
in good agreement. This fact is emphasized in Fig 4. It is noted 
that t he LDF device generally registers a higher f1 ow signal 
than the CPM. The exact reason for t his observation is not 
directly deducible from t he studies presented here. Possibly it 
ret1ects an improved sensitivity [13] (although LDF readings 
are generally associated wit h a higher standard deviation ) or 
perhaps it is an indicat ion t hat t he two instruments measure 
to different tissue depths. In this work t he CPM and LDF 
profi les a re reasonably co incident with t he subjective visual 
erythema assessments made by a single observer. The impor-
tant po int, however, is t hat the LDV data are observer-inde-
penden t . 
In conclusion , the experiments performed illustrate t hat a 
LDV procedure may represent a novel means to probe aspects 
of cuta neous photobiology and to begin to ident ify and separate 
the facto rs t hat lead to UV erythema production. In the same 
way, t he two techniques discussed appear to have much possible 
application to t he quanti tative assessment of chemica l protec-
tant efficacy, both at a fundamental level and in situations that 
rep resent simulations of actual -use UV radiation exposure. It 
should be emphasized t hat we report here data obtained afte r 
irradiation wit h on ly one UVB + UVC source and fo llowing 
protection of the skin wi th a single sunscreen. More work is 
plan ned to explore measured response as a function of radiation 
challenge and inhibition. Overall , it may be said that the 
objective nature of t he measurement and the noninvasive char-
acter of LDV appear to offer considerable advantages over 
currently ava ilable a lternatives. 
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